A bounding surface plasticity model is presented for crushable rockfills in the framework of the critical state soil mechanics which includes translation of the critical state line due to particle crushing. A translating limiting isotropic compression line is also introduced and incorporated in the model to describe the position and evolution of the bounding surface. A particle breakage index is introduced as a function of stress invariants which controls the translation of the critical state and limiting isotropic compression lines. The performance of the model is demonstrated using the results of experimental tests on different types of rockfill materials conducted under both monotonic and cyclic loading conditions. The study shows the capability of the model in capturing the characteristic features of the behavior of rockfill and other crushable materials such as ballast and coarse gravel under both conventional and complex loading paths.
Introduction
Rockfills are widely used in earth and rockfill dams and other earthworks such as roads and railways. Rockfill embankments are usually subjected to high pressure and repeated loading from vehicles and earthquake. To study the behavior of rockfills, large-scale testing equipments were developed in some research centers (e.g. Sowers et al., 1965; Fumagalli, 1969; Marachi et al., 1969; Marsal, 1973) , capable of performing most of the classical soil mechanics tests on rockfill specimens. The main conclusion drawn from all these experiments is that the mechanical properties of rockfills are closely related to breakage properties of rock particles (e.g. Oldecop and Alonso, 2001; Salim and Indraratna, 2004) . In other words, particle breakage has been identified as the main reason for the differences observed between the behavior of sand (at low and moderate stress levels) and rockfill material. Particle breakage in rockfill depends on the strength of individual particles, grain size distribution, stress level and the relative humidity prevailing in the rockfill voids (Chávez and Alonso, 2003) .
The hyperbolic elastic model of Duncan and Chang (1970) has been the main tool for modeling different types of rockfill materials for about three decades. This model is based on the generalized Hooke's law and was proposed to simulate the nonlinear stress-strain behavior of soils. Although it has been widely used mainly due to its simplicity and convenience, it can neither simulate the volumetric dilatancy of rockfills nor can it represent the particle breakage phenomenon which plays a distinct role in the behavior of rockfills.
To model the cyclic and dynamic behavior of rockfills, viscoelastic models are traditionally used: these are typically equivalent linear models of Masing nonlinear models. Although these models are simple and can capture some features of dynamic response of rockfills, they cannot represent many aspects of nonlinear behavior of rockfills such as strain softening, stress history and anisotropy. Generally, empirical relations need to be included in these models to take into account the accumulation of permanent strains and generation of pore pressure (e.g. Martin et al., 1975) .
Since the 1970s, there have been extensive studies on the development of elastoplastic models for monotonic and cyclic behavior of soils. A great amount of effort has been devoted to modeling the cyclic behavior of granular materials using advanced constitutive frameworks, such as bounding surface plasticity (e.g. Dafalias, 1986; Bardet, 1986; Khalili et al., 2005) hypoplasticity (e.g. Gudehus, 1996; Bauer, 1996; Fu et al., 2011) , generalized plasticity (e.g. Pastor et al., 1990; Ling and Yang, 2006) , subloading surface plasticity (e.g. Hashiguchi, 1989; Kohgo et al., 2007) and the disturbed state concept (e.g. Varadarajan et al., 2003) .
Recently, a rigorous bounding surface model based on the concept of the critical state soil mechanics was developed at the University of New South Wales (UNSW) by Russell and Khalili (2004) to model the stress-strain behavior of sands. Later Khalili et al. (2005 Khalili et al. ( , 2008 ) extended the UNSW model to simulate the behavior of sands subjected to cyclic loading under saturated and unsaturated states including hydraulic hysteresis effects. Kan et al. (2014) introduced a single stress point mapping rule for this model which has a simpler procedure and is more compliant to application to complex loading paths.
In the UNSW model, the position and evolution of the bounding surface is linked to the limiting isotropic compression line (LICL). To take the effect of the particle breakage on the mechanical behavior of geomaterials into account, both the LICL and the critical state line (CSL) are taken as two (Kan et al., 2014) or three (Russell and Khalili, 2004) segmented lines. Both the CSL and LICL are assumed to be fixed in a semi logarithmic compression plane. This assumption, which has been made based on the results of laboratory tests on sands, is revisited in this paper to be able to simulate the crushing phenomenon in rockfill materials. A novel approach in which the CSL and LICL are considered as translating curves is incorporated in the UNSW model. This approach significantly improves the capability of the model in simulating the irrecoverable permanent strains due to particle breakage which occurs in cyclic loading of crushable materials. This is an important characteristic of crushable materials which could not be simulated easily in constitutive models with a fixed critical state line.
In this paper the governing equations for the proposed model are described and the method by which the translation of the CSL and LICL is related to particle crushing is introduced. A procedure is introduced to obtain the material parameters required for the proposed model. The proposed model is then used to simulate the behavior of rockfills with rounded and angular particles as well as ballast and coarse gravel to highlight the capabilities of the model. In addition to the conventional triaxial tests under monotonic loading, simulations are also performed under more complex stress paths as well as under cyclic loading to demonstrate the robustness of the model in simulating actual stress paths that may occur in real boundary value problems.
Preliminaries
In the model presented here, the material behavior is assumed isotropic and rate independent. Compression is considered positive. For the sake of simplicity, all derivations are presented in the p 0 À q plane where p 0 and q are the mean effective stress and the deviatoric stress, respectively.
Critical state
The critical state (CS) is an ultimate condition towards which all states approach with increasing deviatoric shear strain. Traditionally, the critical state line has been chosen as Chávez and Alonso (2003) ).
linear in a semi logarithmic compression plane, that is, the specific volume, υ ¼ 1 þ e, versus the logarithm of the mean effective stress, ln p 0 . Here a modified form of the critical state line is introduced which has two curvatures and limits the minimum and maximum specific volumes corresponding to very large and very low stresses. The critical state is defined as
where υ max and υ min are the maximum and minimum specific volumes for a given particle grading and p cs and α 1 are parameters which control the shape of the CSL. To take into account the effects of crushing of soil particles at high stresses in the model, some investigators have assumed the CSL in the υ À ln p 0 plane to take the form of two or three linear segments (e.g. Been et al., 1991; Khalili et al., 2005; Vilhar et al., 2013) . For highly crushable materials; however, as the soil particles crush and efficiently fill the voids, the reference packing of the soil becomes denser. As a result, the maximum and minimum specific volumes fall correspondingly, and any soil properties linked with the reference packing, including the specific volume at critical state or isotropic compression state, will be affected. Therefore the critical state line will not retain its original position while crushing takes place (e.g. in Ghafghazi et al. (2014) ).
Muir Wood (2007) proposed a grading index (I G ) which represents the changes in particle grading and is defined as the ratio of the area under the current grain size distribution to the area under the fractal grading curve, where fractal is defined as the arrangement at which all particles look the same at all scales (McDowell et al., 1996) . This index is included into the proposed model to take into account the mechanical effects of the change in particle grading on specific volume. Compared to other indices proposed for particle breakage (e.g. breakage index as proposed by Hardin (1985) ), I G is a better representation of the physical differences made due to the changes in grading since it incorporates the concept of fractal grading. Fig. 1(a) shows the schematic diagram of an evolving grading and the definition of grading index. In Fig. 1 (b), degradation in particle grading with increasing confining pressure and the evolution of fractal grading in a crushable material (crushed Cambric slate) is shown. In this study, the fractal grading curve, which represents the ultimate achievable grading is extracted according to the procedure outlined in McDowell et al. (1996) based on the theory of split probability.
Following Kikumoto et al. (2010) , it is assumed that the values of υ max and υ min in Eq. (1) are dependent on the grading index I G . As the grading index changes from that corresponding to single size particles ðI G ¼ 0Þ to that of the fractal grading ðI G ¼ 1Þ, the minimum specific volume decreases from υ l to 1 and the maximum specific volume decreases from υ h to υ max by the same amount of υ c ð ¼ υ l À 1Þ as
where υ h and υ l are the maximum and minimum specific volumes for the single sized particle grading ðI G ¼ 0Þ. By substituting Eqs.
(2) and (3) into Eq. (1), the general form of the critical state can be obtained which includes the effects of the grading index on the position of the CSL, as shown in Fig. 2 :
Theoretically, when grading of a material approaches fractal grading ðI G ¼ 1Þ, the void ratio approaches zero at a very high stress level. In an idealized case, a packing of limiting grading is as efficient as the Apollonian fractal packing for which the specific volume is equal to unity because successively finer particles occupy the void spaces between coarser particles (Kasner and Supnick, 1943) . However, this condition may never be reached in rockfill materials under practical stress ranges.
The CSL is defined in the qÀ p 0 plane as a straight line with the slope of M cs , which is related to the critical state friction angle, as
wheret ¼ þ1 represents compression andt ¼ À1 extension. While a curved CSL in qÀ p 0 plane as reported by Chávez and Alonso (2003) for a rockfill material is acknowledged, ϕ 0 cs is considered independent of crushing of the particles, based on experimental observations made by many researchers (e.g. Coop, 1990; Been et al., 1991; Russell and Khalili, 2004) .
Some features of the model are linked to a dimensionless state parameter ðξÞ, defined as the vertical distance between the current state and the CSL in the υ À lnp 0 plane (Fig. 2) . It is positive on the loose side of the critical state and expressed as
where υ cs is the specific volume at the critical state corresponding to the current p 0 .
Isotropic compression line
In the conventional soil mechanics, isotropic compression line (ICL) for critical state models is defined as a line in υ À lnp 0 plane. In the proposed model, similar to the critical state line, a curved isotropic compression line is defined. For a constant grading and without considering the effects of particle crushing, this curve takes the form of
where p ic is a reference stress controlling the shape of the isotropic compression line and υ n max is an adjustable parameter, introduced to ensure that the current state is always located on an ICL. Fig. 2 shows the shape of the ICL for a given stress state in υ À lnp 0 plane. Incorporating Eqs.
(2) and (3) into Eq. (7), the general form of the ICL is obtained, which includes the effect of particle crushing on the maximum and minimum specific volumes:
This relationship implies that as the reference specific volumes decrease and grading index increases due to the particle crushing, the isotropic compression line also moves downward in the υ À ln p 0 plane.
Limiting isotropic compression line
In addition to the critical state line, the constitutive model requires definition of a limiting isotropic compression line (LICL), in order to formulate hardening rule for the evolution of the yield/bounding surface. Similar to the critical state, LICL is a reference line in the υ À ln p 0 plane where any stress state approaches under increasing isotropic compression. The isotropic compression line can also be regarded as the locus of the loosest possible state that a soil can achieve for a given mean effective stress.
In the model presented here, the limiting isotropic compression line is taken as a curve at a constant shift from the CSL along the isotropic compression line in υ À ln p 0 plane. A graphical depiction of the LICL is shown in Fig. 3 
(a).
Considering that point 1 is located on both the CSL and the given ICL and point 2 is located on the LICL and the same ICL, the following equation can be obtained for LICL:
where R denotes the shift ratio in the υ À ln p 0 plane and is a model parameter. Fig. 3 (b) shows a three dimensional presentation of the limiting isotropic compression surface where grading index is considered as an extra dimension along with the specific volume and the mean effective stress. This implies that any translation of the LICL is a function of particle crushing, i.e. the LICL is not fixed in the υ À ln p 0 plane as was originally proposed by Pestana and Whittle (1995) . The idea of relocating LICL was also presented in Taiebat and Dafalias (2008) model for anisotropic sand, though they assumed the translation rule is explicitly a function of the stress ratio ðq=p 0 Þ.
Evolution of the grading index due to particle crushing
The grading index I G , which varies from 0 for a single-sized grading to 1 for a limiting fractal grading, is a simple scalar representing the current grading. It increases as particle crushing occurs. The grading index describes the evolutions of mechanical properties due to particle crushing. An evolution law is necessary to be incorporated in the grading index in order to describe the effects of changes in grading in a soil model. Hardin (1985) proposed a hyperbolic relationship between particle breakage and breakage stress based on experimental results, which can be written in terms of p 0 and q as
Other researchers (e.g. Coop and Lee, 1993; Russell et al., 2009 ) have also recognized the extent of particle crushing with stress level. Another approach is to relate the evolution of the grading index to total work or plastic work done on a volume of material (e.g. Miura and O-Hara, 1979; Lade et al., 1996; Daouadji and Hicher, 2010) . However, this approach shows some deficiencies as it continuously changes the grading index to its fractal limit at the critical state regardless of the stress level.
In this research, the evolution of the grading index is assumed to be a function of the normalized stress. A function similar to the one proposed by Hardin (1985) is defined in the framework of the critical state used in the current work as
where p cr describes the crushing stress at the current stress state and can be related to the grading index in the form of
where p cr0 is the crushing stress for I G ¼ 0 and introduces the initiation of particle crushing, p r is a reference stress and α 2 is a model parameter. Kikumoto et al. (2010) have used a similar form of the evolution of the grading index to define a second mechanism for yield due to crushing in their model. The crushing stress and the grading index increase as the material is loaded. Upon unloading and reloading, the crushing stress is kept unchanged as long as the maximum historic crushing stress is not attained. This feature ensures the capability of the model to capture the irrecoverable particle crushing in cyclic loading. Note that in the proposed model particle breakage is assumed to be independent of the shearing strain that may occur at constant stress state. This assumption is considered reasonable and valid for most applications. Although some research, such as those of ring shear tests performed by Coop et al. (2004) on highly crushable carbonate sands, shows that crushing also occurs at constant stress, it mainly occurs at shear strains larger than 200%. This range of strain is far beyond most of the practical range which is often less than 20%.
Elastic modulus
The elastic bulk modulus can be calculated from (8), assuming that unloading/reloading occurs along an isotropic compression line in the υ À lnp 0 plane:
This form of stress dependency of the elastic moduli is similar to those suggested by many researchers, e.g. Gajo and Wood (1999) and Kikumoto et al. (2010) .
Bounding and loading surfaces
Accurate descriptions of the bounding surface are required in order to avoid complications in the stress-strain simulations of rockfills. The undrained response of the material at its loosest state is used to determine the shape of the bounding surface. Similar to the original UNSW bounding surface model (after Russell and Khalili (2004) ), the shape of the bounding surface is taken as a tear drop and defined as
p 0 c is a function of the plastic volumetric strain and controls the size of the bounding surface. The material constant R represents the ratio of p 0 c and the mean effective stress at the intercept of the bounding surface with CSL in the q À p 0 space. The constant N controls the curvature of the bounding surface. The loading and bounding surfaces are assumed to be of the same shape, and are homologous about the origin in the q À p 0 plane during first time loading.
For unloading and reloading, the center of homology moves to the last point of stress reversal. To maintain similarity with the bounding surface, the loading surfaces undergo kinematic hardening during loading and unloading such that they remain homologs with the bounding surface at the center of homology. The image point for cyclic loading is located by a simple radial projection of the stress point on the bounding surfaces passing through each point of stress reversal (Kan et al., 2014) . Fig. 4 shows the shape of the loading surfaces for first time loading as well as unloading/reloading case, along with the radial mapping rule used to find the image point on the bounding surface.
Plastic potential
The plastic potential defines the direction of the incremental plastic strain vectors. Using a generalization of the original Cam-clay dilation rule (Roscoe et al., 1963) and taking into account the dependency of dilatancy on the state parameter, the plastic potential ðgÞ is defined as
where p 0 controls the size of the plastic potential, though it is not required in the model calibration, since only derivatives of g are incorporated in formulations, and A is a material parameter.t is a scalar, the sign of which controls the direction of plastic flow in the deviatoric plane. It is assumed that the form of the plastic potential will be unaffected by the state of grading of crushable materials. Although it may be hard to imagine that a material with a uniform grading has the same stress-dilatancy relationship as a material with a fractal grading, within the practical range of changes in grading the effect of grading on stress-dilatancy relationship is assumed to be very small and can be ignored in the formulation of plastic potential. This assumption is consistent with the results of investigation of Muir Wood and Maeda (2008) which shows that samples with the same density but different gradings have similar dilatancy. Kikumoto et al. (2010) also assumed that the effect of grading on plastic potential is negligible. On the contrary, Salim and Indraratna (2004) have included the effect of particle crushing on the plastic potential of ballast material.
Hardening modulus
As the usual approach in bounding surface, the hardening modulus h is divided into two components
where h b is the plastic modulus at σ 0 on the bounding surface, and h f is plastic modulus at σ 0 and defined as a function of the distance between σ 0 and σ 0 . Applying the consistency condition at the bounding surface and assuming isotropic hardening of the bounding surface with plastic volumetric compression, h b is calculated as
In this way, any softening effect due to particle crushing is incorporated into plastic volumetric strain. Using the chain rule of differentiation, Eq. (18) can be rewritten as
where ∂I G =∂p cr can be calculated from Eq. (12), λ n denotes the current slope of the LICL in the υ À lnp 0 plane and κ n is the current slope of the isotropic compression line. The following equation can be used to calculate the rate of ∂p cr =∂p 0 c :
The modulus h f is defined such that it is zero on the bounding surface and infinity at the point of stress reversal, and can take the form
where p 0 c and p 0 c define the sizes of the bounding and loading surfaces, respectively, η p is the slope of the peak strength line in the q À p 0 plane, and k m is a scaling parameter controlling the steepness of the q À ε q curve. η p is a function of the state parameter and the slope of the critical state line, which is given as
where k is a material parameter. Following Kan et al. (2014) , the scaling parameter k m for granular materials is expressed as a function of the initial value of the dimensionless state parameter, ξ 0 and the initial confining pressure, p 0 0 :
where k m0 , β 1 and β 2 are material parameters.
Calibration of model parameters
The proposed bounding surface plasticity model, in its general form, requires: p ic and ν to describe the elastic behavior; M cs (or ϕ 0 cs ), υ l , υ h , p cs and α 1 to define the critical state line and its evolution with the particle crushing; N and R to define the shape of the bounding surface; α 2 , p cr0 and p r to establish the evolution of the particle crushing and grading index with stress state; k to define the peak strength line; k m to calibrate the hardening modulus; and A to define the stressdilatancy relationship. The general form of the proposed model is applicable to any material which undergoes particle crushing and re-gradation during loading. However, a smaller number of parameters are required for crushable rocks, as some of the parameters were found to be constant.
The elastic parameters p ic and ν with the critical state constants M cs , υ l , υ h , p cs and α 1 can be determined from triaxial tests using conventional procedures. p ic is determined based on the shape of elastic unloading-reloading line on υ À lnp 0 plane, and ν is the Poisson's ratio.
M cs is the slope of the critical state line on the triaxial q À p 0 plane. υ l and υ h , which are the minimum and maximum specific volumes for the single sized grading ðI G ¼ 0Þ, p cs and α 1 , by which the critical state lines in υ À lnp 0 plane are described, can be also determined by the results of undrained triaxial compression tests.
The parameter N defines the shape of the bounding surface and can be determined by fitting the equation of the bounding surface to the effective stress path of undrained response of very loose samples. R is the distance between the CSL and LICL along the unloading/reloading line and can be determined from isotropic consolidation test data. Undrained tests on rockfill materials are not common in practice. Therefore, N and R were obtained based on simulation of a wide variety of different rockfill materials. It was found that constant values of 1.5 and 3.0 were sufficiently accurate for N and R, respectively.
The constitutive parameters α 2 , p cr0 and p r define the evolution of the grading index and can be determined by variation of the particle size distribution during isotropic or one-dimensional compression. Since granular materials exhibit particle crushing from very low stress levels, a constant value of p cr0 ¼ 1 kPa is used throughout this research and results were found satisfactory.
Assuming that elastic strains are negligible in comparison to plastic strains, A is determined by plotting the stress ratio η against the measured total dilatancy in the standard drained triaxial compression tests. The value of k can be obtained from the slope of η p =M cs versus ξ. By examining test data for a range of soil samples, Gajo and Wood (1999) suggested a constant value of k ¼ 2:0 for all sandy soils. Examinations of test data in the current study showed that the same value can also be satisfactorily used for a wide range of rockfills with rounded to angular particles. k m is strongly influenced by the initial state parameter ξ 0 and the loading direction (Khalili et al., 2005) . It is best obtained using the initial slope of drained loading/unloading responses in the q À ε q plane.
It can be seen that the required model parameters are reduced to 11 for crushable rockfill materials, all of which can be obtained by conventional experimental tests in the lab.
Application and verification
To demonstrate the performance of the model and the accuracy of its predictions, a series of simulations is performed using a host of triaxial tests conducted on a wide range of materials, including rockfills with round and angular particle shapes, crushed ballast and coarse gravel. Both conventional and non-conventional monotonic and complex cyclic loadings are simulated and the results are compared with experimental data. For monotonic tests, for each material at least four triaxial tests at different stress levels are used for simulations. Two of the tests, corresponding to the lowest and the highest initial mean stresses are used for calibration of the material parameters and then all tests are simulated using the same set of parameters. For Nuozadu rockfill, a total of eight tests with two different sets of stress paths are used in simulations. Set (1), stress paths ♯1-4 as shown in Fig. 11 , is used for both the calibration and prediction and set (2), stress paths #5-8, is used only for the prediction. For the cyclic tests, the calibration of the parameters is mainly based on the available monotonic test results, and only k m in unloading and reloading conditions is selected based on a trial and error approach. Varadarajan et al. (2003) and Gupta (2009) reported a series of drained triaxial tests on samples of Ranjit Sagar rockfill materials. This rockfill is alluvial consisting of rounded/subrounded particles up to 320 mm with sedimentary origin. Due to the size limits of triaxial apparatus, particles with maximum grain sizes of 25, 50 and 80 mm were used in the experiments. In this study, the tests performed on samples with a maximum grain size of 80 mm were simulated to evaluate the performance of the model in reproducing the behavior of highly coarse materials. Four conventional triaxial compression tests on samples with υ 0 ¼ 1:16 and p 0 0 ¼ 350; 700; 1100; 1400 kPa were simulated. The material parameters were all obtained using the procedures described before and are listed in Table 1 . The variation of the grading curves after the shearing phase, as reported by Abbas (2011) , was used to obtain the crushing parameters.
The results of the simulations were compared with the experimental data in Fig. 5 , in q À ε 1 and ε v À ε 1 planes. The simulations resulted in smooth variations of deviatoric stress, q, and volumetric strain, ε v , versus axial strain, ε 1 . In particular, the model captured well the higher volumetric contraction which occurs under higher confining pressure: this is a specific feature of the behavior of rockfill material. The predicted results for all four tests match the experimental data with an excellent accuracy.
7.1.1.2. Shah Nehar riverbed rockfill. Consolidated drained triaxial tests on Shah Nehar rockfill materials were conducted by Abbas (2003) and Varadarajan et al. (2006) . This rockfill consists of micaceous sandstone and quartzite rocks with rounded particles, quarried from a riverbed. Samples used in the experiments were obtained using a parallel gradation technique where particles larger than 80 mm were sifted out. Four triaxial compression tests on samples with υ 0 ¼ 1:27 and p 0 0 ¼ 200; 400; 600; 800 kPa were simulated in this study. The material parameters used in the simulations are listed in Table 1 . Fig. 6 shows the results of the simulations in the q À ε 1 and ε v À ε 1 planes, which shows excellent agreement with the experimental data. The model predicts a reduction in the volume during shearing before exhibiting dilation for samples under lower confining pressures.
The excellent prediction of the model in simulations of Ranjit Sagar alluvial and Shah Nehar riverbed rockfills demonstrates its capability to depict the behavior of rounded particle rockfills. 7.1.2. Rockfills with angular particles 7.1.2.1. Purulia dam rockfill. Varadarajan et al. (2003) and Gupta (2009) dam. This rockfill consists of metamorphic rock with minerals such as quartz, biotite and feldspar and has particle sizes as large as 1200 mm. The samples used in their experiments, however, were produced from the same material with a maximum grain size of 80 mm and with a grading size distribution parallel to that of rockfill in the dam. The samples were prepared with an initial specific volume of υ 0 ¼ 1:252 and subjected to sharing with initial mean confining pressures of p 0 0 ¼ 300; 600; 900; 1200 kPa. The material parameters used in the simulations are presented in Table 1 .
The results of the simulations of these triaxial tests are presented with the experimental data in Fig. 7 for comparison purposes. In the qÀ ε 1 plane, the general agreement between the simulated behavior and experimental data is satisfactory. The model predicts higher deviatoric stresses in tests 3 and 4, which are characterized by larger confining pressures. The predicted volumetric strains for all four tests are in good agreement with the experimental data. The tendency of the material for dilation after a peak contractive behavior is captured throughout. 7.1.2.2. Kol dam rockfill. The results of a series of consolidated drained triaxial tests on large size samples of quarried rockfill limestone used in the construction of the Kol dam in India were reported in Abbas (2003) and Varadarajan et al. (2006) . This material is comprised of angular particles of up to 600 mm in size. Tests performed on samples with a maximum grain size of 25 mm, as reported in Varadarajan et al. (2006) , were simulated in this study. Conventional triaxial compression tests were conducted on samples with relative density of 87% under initial mean effective pressures of p 0 0 ¼ 300, 600, 900 and 1200 kPa. The material parameters obtained for this rockfill are listed in Table 1 .
The results of the simulations are shown with those reported by Abbas (2003) in Fig. 8 . Excellent agreement in both the q À ε 1 and ε v À ε 1 planes was achieved. As was the case with Purulia rockfill, the Kol dam rockfill material tends to dilate after an initial contraction. Such a tendency is depicted in the form of increasing specific volume during shearing in the υ À lnp 0 plane, as shown in Fig. 9 for test ♯4. Also shown in this figure are the shapes of the CSL and LICL and their translation with different values of grading index, I G . This figure also shows that while softening occurs at the end of the shearing phase, the value of the grading index ðI G Þ remains unchanged, and therefore, the CSL and LICL are both fixed in the υ À lnp 0 plane in this phase with no further translation. 7.1.2.3. Crushed ballast. Salim (2004) and Salim and Indraratna (2004) have reported a series of drained triaxial tests on samples of crushed latite ballast. The triaxial samples were 300 mm in diameter and 600 mm in height. The latite basalt is a fine-grained, dense-looking black rock, mainly consisting of semi-angular crushed fragments of plagioclase and augite minerals. A maximum grain size of 53 mm was used in the experiments. Drained triaxial compression tests were performed on the samples with a bulk unit weight of 15.4-15.6 kN/m 3 . The corresponding initial specific volumes of the samples used in the simulations were 1.707, 1.692, 1.658 and 1.645 for samples 1, 2, 3 and 4 respectively, with initial mean effective pressures of 50, 100, 200 and 300 kPa, respectively. The material parameters used in the simulations are presented in Table 1 .
The results of the simulations were compared with the experimental data in Fig. 10 . The behavior of the crushed ballast in the triaxial experiments was very similar to that of the rockfills with angular particles. However, the range of the stresses applied on the ballast is lower than the rockfills of Purulia and Kol dams. The performance of the model under a lower range of stresses is as good as to that under a high stress range for rockfills, in both q À ε 1 and ε v À ε 1 planes.
Complex stress paths
The performance of the proposed model in simulating the behavior of rockfill materials subjected to complex stress paths was investigated. Xiang et al. (2009) conducted a series of triaxial drained tests on rockfill materials, obtained from the Nuozadu dam in China, under stress paths that could occur during construction, and during reservoir filling. This rockfill is of high quality with good durability and erosion resistance and has a maximum particle size of 800 mm. The samples used in the triaxial tests have particle sizes smaller than 60 mm and were prepared in a specimen of 655 mm high and 302 mm diameter. Xiang et al. assumed that the stress path during the construction of the dam can be approximated with a constant stress ratio ðq=p 0 Þ, while during the period of reservoir filling, a transitional stress path with constant Δq/Δp 0 is more appropriate. A total of 8 different tests were considered for simulation purposes and their stress paths are shown in Fig. 11 . All samples were loaded with Δq/Δp 0 ¼ 1.0 to different mean effective stresses, p 0 1 , in the first stage of loading. Then additional loading was applied on samples ♯1-4 with Δq/Δp 0 ¼ 3.0 (stress path 1), and on samples ♯5 to ♯8 with Δq/Δp 0 ¼ À1.5 (stress path 2). All samples were reported to have the same relative density with υ 0 ¼ 1:32. The material parameters used for the samples are presented in Table 2 .
The results of the simulations of samples ♯1-4 under stress path (1) are shown in Fig. 12. The agreement between the model predictions and the experimental data is very good, especially in tests ♯2-4. For test ♯1 the predicted results do not match with experimental data. It should be noted that the hypoplastic constitutive model used by Xiang et al. (2009) also did not result in a good match even though the model parameters were changed with different ratios of stress increments. Fig. 13 shows the results of the simulations for the stress path (2) applied to samples ♯5-8. These results demonstrate an excellent agreement with the experimental data. Apart from the peak deviatoric stress in test ♯5, which is predicted to be slightly less than that observed experimentally, the general agreement is satisfactory in the q À ε 1 plane. In the volumetric strain plot, the dilative behavior under smaller p 0 1 in tests ♯5 and ♯6 is captured well, as well as the contractive response of samples under larger p 0 1 . In general, the results of the simulations for both stress paths show the excellent capability of the model in simulating the behavior of the rockfill materials subjected to complex stress paths expected to occur in rockfill dams. 7.3. Performance under cyclic loading 7.3.1. Crushed Cambric slate Chávez and Alonso (2003) performed a series of triaxial drained tests on crushed Cambric slate, a rockfill material used in the construction of Jiloca dam in Spain. The material was obtained from a quarry and was further crushed and sieved so that the maximum particle size was 40 mm. These materials were subjected to triaxial drained tests conducted on samples 250 mm in diameter and with a height of 500 mm. Three of these tests were simulated here, with υ 0 ¼ 1:60; 1:59; 1:55 and initial mean effective stresses of p 0 0 ¼ 100; 300; 800 kPa respectively. Two of the tests were conducted under monotonic loading while a cycle of unloading/reloading was also included in the stress path in the third test. The monotonic tests were used to calibrate the material parameters since the main focus here is on the cyclic test. The material parameters used in the simulations are listed in Table 2 .
The predicted results of the simulations for monotonic and cyclic tests on Cambric slate are presented in Fig. 14, together with the experimental data. Also shown in this figure are the results of simulations performed by Chávez and Alonso (2003) using a work hardening plasticity model. It can be seen that the predictions of the proposed model are very close to the experimental data, especially when they are compared to those predicted by Chávez and Alonso (2003) . The advantage of the proposed model is more pronounced in predicting the volumetric strains. Chávez and Alonso (2003) found some difficulties in reproducing the volumetric response of the samples. Their model also underestimated dilation rates, especially for samples under low confining stresses. Chávez and Alonso (2003) considered this discrepancy was because of the viability of the critical state model for rockfill materials. However, this problem is completely resolved by the proposed model and the volumetric strains are predicted with excellent accuracy in the current work (Fig. 14) . Apart from monotonic tests 1 and 2, the simulation of test with a single large cycle of unloading/ reloading stress path also replicates the experimental data in both the q À ε 1 and ε v À ε 1 plots.
Chiba gravel
Maqbool and Koseki (2010) conducting a series of monotonic and cyclic triaxial compression tests. The gravel is hard and angular, consisting of crushed sandstones which can be categorized as well-graded sandy gravel with maximum particle size of 38 mm. One of the cyclic tests conducted on this material is used here for simulation purposes. In this test, labeled as TC-5, a sample with an initial density of 1900 kg/m 3 and υ 0 ¼ 1:426 was first subjected to isotropic compression to a mean effective stress of p 0 0 ¼ 98 kPa, then sheared monotonically before cyclic loading. In the cyclic loading phase, 100 cycles of loading/unloading with a frequency of 0.001 Hz were applied by changing the deviatoric stress from 50 kPa to 450 kPa. After application of the cyclic loading the sample was sheared to failure under monotonic loading to study the post cyclic behavior of the gravel.
The loading history was simulated in this research using the material parameters listed in Table 2 . The material parameters were calibrated using one of the monotonic tests conducted on this material. Note that since the proposed model is rate independent, the frequency of loading does not play any role in the simulations.
The results of the simulation for test TC-5 are compared with experimental data in Fig. 15 . Excellent agreement between the simulation results and the experimental data was obtained. The deviatoric stress during monotonic loading and the post cyclic stage were both predicted with very good accuracy. In the volumetric strain versus axial strain plot, the dilative behavior in pre and post cyclic stages and the contractive behavior during cyclic loading were captured satisfactorily by the model.
Conclusion
A bounding surface plasticity model was introduced in this paper that can be used to simulate the behavior of rockfill materials. A distinct feature of rockfill materials is believed to be particle crushing which governs some aspects of their response under monotonic and cyclic loading, such as the nonlinear dependency of strength and dilation on the confining pressure as well as the accumulation of permanent strains during cyclic loading. In this study, the particle breakage is treated using a translating critical state line, accompanied by a moving limiting isotropic compression line, both defined as functions of the particle breakage index, I G . The framework of the UNSW bounding surface plasticity model was modified to incorporate these features and to take into account the effects of the particle breakage on the mechanical behavior of rockfill materials. Although the model requires 15 model parameters, it was shown that 4 of the parameters (N; R; p cr0 ; k) can be taken as constant and only 11 parameters need to be obtained from conventional triaxial tests. The accuracy and the robustness of the model were demonstrated through simulations of monotonic and cyclic loading on samples of different types of rockfills under drained and undrained conditions. Samples from both rounded and angular/subangular particles were considered in the simulations. Other types of highly crushable materials such as crushed ballast and crushed latite slate were also used in the simulations. The results of the simulations were invariably in excellent agreement with the experimental data. The model captures the characteristic features of the behavior of different crushable granular materials for a wide range of densities and stresses. These features include stress softening and more pronounced dilatancy during drained loading under low confining pressures, stress hardening and contractive behavior under higher confining pressures, as well as work hardening in stress-strain relationships and post cyclic strength. The versatility of the model in simulation of complex stress paths was demonstrated using two sets of unconventional stress paths expected to occur in rockfill shells of earth dams during construction and reservoir filling. All the predictions obtained by the model agree very well with the experimental data, which indicates the capability of the model in reproducing the fundamental strength and dilatancy behavior of rockfill materials.
